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Abstract:

Theimproving computationd performance of PCs and the near real-time respons of PC opeating
systems now make it feasible to implement reasonable performance HF ARQ messaging protocols
suitable for digital messaging. While Pactor (1, 11, 111) currently domnae and generally represent the
best available peformance, PC soundcardswith appropriate DSP software can now begin to approach
Pactor performance at lower cog than dedicated hardware HF modems. This pgper covers the on-going
development of an optimized soundcard modeWINMOR, compdible with the popuar Winlink 2000
message system™?2, This effort leverages a prior feasibility project by the authorin theevaluaion of
SCAMP?*, an adaptation of RDFT for digital messaging systems. The paper reviews the development
effort of WINMOR (WINIink Message Over Radio) from motivation throughtool development,
programming, testing and deployment in the WL 2K system.
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Motivation:

The PC, widdy available DSP tools, well designed soundcard/radio interfaces and improving amateur
software skills have yielded a variety of soundcard modes over thelast several years. These modes
rangefrom ssimple DSP/software implementation of RTTY throughcomplex streaming applicationslike
Win DRM. It isoneof thefew remaining areas where amateurs can and do experiment. Many of the
modes developal however are areplacement of existing @haOmodes or broadcastOmodes where
absplute accuracy is notarequirement or datais limited to plain ASCII text. Today, however, aviable
message system (with the need for compression and binary attachments) requires true Gerror-freeO
ddivery of binary data. To achieve this there mugt be some (back channdOor ARQ (4Automatic Retry
reQuest) so thereceiving station can notify the sender of los or damaged data and request

retrangmission or repar. HF Pactor (1, 11, 111) has served uswell in this regard providing good
performance (ne bits/sec/ Hz bandwidth) and robuwstness. However the proprietary naure of high
performance Pactor modems (Pactor 11, 111) can becod prohibitive especially in applicationssuch as

emergency communicationswhere wide deployment couped with low average usage make it difficult to
judify theinvestment in high paformance but cogly hadware. As developeas of Winlink 2000we are
continudly asked to supply alower cos of entry than Pactor for those needing to access the WL 2K
system on HF.



Requirements for a Sound Card Mode for Digital Messaging:

Based on the hundieds of requests that begin OVhy don®youjug use PSK31 0t appearsthereisa
large ggp in undestanding the uniquerequirements a digital message system demandsof a suitable
soundcard mode

Table 1 listswha | call absolute requirements (needed to work) and desirable requirements (needed for
efficiency) for a viable soundcard mode suitable for a message system.

Absolute Requirements Desirable Requirements
Work with standad HF (SSB) radios Modest CPU & OS demands
Accommodae Automatic Connections Bandwidth options(200,500,3000Hz)

Error-free trangmission and confirmation Work with mog soundcarddinterfaces
Fast Lock for practical length ARQ cycles | Good Bits/sec/Hz performance ~ P2 god

Auto adagpt to awiderangeof changing Efficient modulation and demodulation for
channd conditions acceptable ARQ latency
Mug suppot truetrangparent binary to Selective ARQ & memory ARQ to
allow attachments and compression maximize throughputand robugness.
Mug use loosly synchronousARQ timing | Near Pactor ARQ efficiency (~70% of Raw
to accommodéae OS and DSP demands theoretical throughpu}

Table 1. Sound Card Mode Requirements for a message system

Perhgpsthe mog chdlenging of these requirements are

1) The ability to quickly tune lock and acquire thesignd which is necessary for practical
length ARQ cyclesin the 2-6 secondrange
2) The ability to automatically adgpt the modulation scheme to changing channd

conditions An excellent example of thisis Pactor 1113 extremely wide rangeof
speed/robudness (18:1) andisonereasonit is such an effective modein both goodand
poorchannd conditions

The Tool Bag:

Developing a new modethat meets the aboverequirements is chdlenging and to truly engineer a
solution we have to organize and devel op a set of tools and procedures tha advance the process beyond
simple build-and-try experiments. Luckily there are some goodand fairly inexpensve aidsfor doing
this. Here are some | have foundto be valuable references, programs and equipment.

Text and references: Thereisno subditute for goad references on digital modulation. Youdl also need a
goodundestanding of DSP theory alongwith some of thetricks and techniques of usng DSP to
implement the encoding/decoding of the soundcard data. Two excellent reference texts are shown at the
end of the paper °°.

Characterizing sound cards: Youwill also probably need a mechanism to quantify the performance of a
soundcard. Oneof thebiggest chdlengesis achieving therequired accuracy with the modest hardware
(sometimes pretty poorhardware!) often foundin PC soundcards Professond DSP HF Modans



usudly contain very accurate and stable (short term jitter and drift) TCXO reference ocillatorsEP C
soundcardsmight have alow qudity $.50 crystal tha may be as much as .5% off frequency. | used
WWV @ tonebursts with available software like HamScope’ to measure the sample accuracy and drift
of several soundcards

Wave File editors, converters and utilities: Theony way to measure the effectiveness of certain
algonthmsisto beable to repest tests with exactly the same soundcard daa. This requires working
froma.wav fileingead of QiveOcaptured data from the soundcard/radio or channd simulator. This
also requires building development aidsto capture soundcard data and convet to oneof the standad
WAV formats. | foundthe WAV MP3 Convater ®isauseful utility to convet wav file sampling rates
and formats.

DSP and FIR Design utilities: 1t isoften necessary to andyze intermediate data in both thetime and
frequency domeins (e.g. bandwidth, phase detection, S/N etc). A program called ScopeDSP® and
another called ScoperIR™ for FIR design proved to be quite useful during development.

HF Channel Simulation: Thisis probably THE most important and mog used tool. While over theair
testing and experimentation can befun, to really engineer amoderequires bang able to repeat and
compare measurements in known standadized and repeatable channds. There are two approaches and
each has its advantages and limitations | used both a hardware (DSP based) channd simulator** and a
software program™ tha created wave files. Generally testing was doneover arangeof S/N values across
4 standad CCIR channds.

Candidate Modulation Schemes:

In deciding on which modulation and ARQ schemes are appropriate for amessage based HF ARQ
soundcard modeonehas to trade off many often conflicting requirements. Some of these stem froma
need/desire to maintain a certain bandwidth so we can efficiently andlegdly use the modein the
specific band segments allocated for digital. Even if we eventudly migrate to asimpler Gegmentation
by bandwidthOscheme we still will likely require modes that fit within specific bandwidth requirements
such asthe 200,500and 3000Hz segments currently being debaed. Also current HF requirementsin the
US limit usto asymbol rate of 300symbols per second and tha rules out some of themore
sophisticated channd equdizing higher baud rate modems such as highe peformance MIL STD-

188 STANAG protocols. For WINMOR | investigated several PSK, FSK and QAM type modulation
schemes compaing parameters like ease of modulation, demodulation, spectral efficiency, throughp,
robugness and the ability to be easily configured to adgpt dynamically to variouschannd conditions
Much can aso belearned from studying the effective techniques used in some of the more complex
ARQ modes like P2, P3 and Clover. Another important requirement of a message system isto minimize
the GRF FootprintOwhich is the spectrum GareaO(bandwidth x time) required to send a typical message.
Figure 1 shows a compaison of some populr modes plotting ther spectral efficiency (Bits/sec/Hz). For
propea comparison all values were calculated with the same ARQ overhead at ther maximum daarate
(wha mightbe approached on agoodchannd). While many of usare familiar with therobugness of
modes like MT63 the chart clearly shows tha Pactor 2 and 3 with thar ability to dynamically adept to
channd conditionsare the clear winnesyielding the smallest RF footprint.



Comparison of Some Popular Modes in ARQ Environments
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Assumptions:

1) 70% ARQ efficiency (typical of Pactor)

2) Max RAW data rate (good channel assumed, no FEC)
3) 200 Hz guard band (allows automatic connections)

Figure 1. Comparison of popular mode spectral efficiency in an ARQ protocol.

During a number of initial evaluation tests the use of low baud rate multi carrier OFDM PSK proved
both atheoretical and practical advantage over other schemes. Thelow baud rates (typically < 100
baud) allows opeationin typica HF multipath channds withoutthe need for complex dynamic channel
equdization.

The ability to dynamically adjus the modulation scheme (e.g. BPSK, QPSK, 16PSK, 16QAM etc.)
allows building amodethat is hear condant bandwidth and can run at high speed in goodconditionsyet
has the needed robugness when combined with significant FEC during poor channd conditions A
detailed spread sheet was condructed to compare variousOFDM PSK and QAM schemes and ARQ
framing cyclesto compute thetrue net throughputafter all ARQ overhead. Table 2 summarizes some of
the candidate modes tha were evaluaed for WINMOR 625 baud PSK/QAM at 200Hz and 500 Hz
bandwidths and thar relative performance.

Mode BW(Hz) | #Car | Raw bps/Hz | ARQ Thruput | ARQ Cycle
BPSK 1 Car 625 Shat | ~190 1 .33 23 bps 2.76 seC
QPSK 1 Car 625 Short | ~ 190 1 .66 51 bps 251 sec
QPSK 1 Car625Long | ~190 1 .66 92 bps 5.58 sec
16QAM 1 Car 625Long| ~ 190 1 132 188 bps 545sec
BPSK 3 Car 625 Shat | ~470 3 40 69 bps 2.76 seCc
QPSK 3 Car 625 Shot | ~470 3 .80 153 bps 2.51 sec
QPSK 3Car625Long | ~470 3 .80 275 bps 5.58 sec
16QAM 3 Car 625 Long| ~ 470 3 1.60 563 bps 545 sec

Table 2. Some candidate OFDM PSK/QAM modes and net ARQ performance



This data shows tha over a given bandwidth of say 500Hz we can achieve afairly widethroughput
rangeof over 8:1 before FEC consderations Typicaly FEC isthen applied to expand the
speed/robugness rangeto 16:1 or more (for comparison the speed/robudness rangein Pactor | is2:1,
Pactor 11 is8:1 and Pactor 111 is18:1). Thiswiderangeand the ability for thereceiving station to detect
themodulation modeand coding fromthe signd header itself (noa priori knowledge) iskey to
effectively and efficiently varying the modulation/encoding based on the dynamic channd qudity and
error history.

Another very important advantage of the OFDM PSK/QAM modulation scheme is theefficiency of
modulation and demodulationusng the|FFT and FFT algarithms. Thisisimportantin an ARQ system
as modulation or demoduation processing times over afew hunded ms begin to significantly impact
throughputor require much more complex ARQ pipdining.

Developing the DSP, control code and protocol.

Thebulk of thedevelopment effort congsts of designing, debugging and optimizing the modules that
implement the basic encoding (induding FEC as required), modulation, demodulation and decoding.
The PC based floaing point DSP processing (primarily FFT, IFFT, Mixing, Hilbert Trangorm,
correlation and FIR Filtering) form the bulk of the processing fundionsand are reasonably straight
forward. In practice equdly chdlenging efforts indudeother critical fundionssuch as tuning, signd
acquisition and tracking especially in very weak S/N or poa multipath channd conditions Whilethe
basic techniques are well undestoodthere is consderable work involved in iterating and tweaking of
the required processing modules to minimize latency and provide goodpeformance. Figure 2 isaflow
diagram showing the major DSP processes required for WINMOR for both thetranamit channd or ISS
(Information Sending Station) and thereceive channd or IRS (Information Receiving Station). For
smplicity, details of the ARQ back channd are omitted but are similar to theforward channds butwith
lower daarates and inareased robugness. Of paticular note isthechdlengeto compute the ISS forward
channd (fromreceipt of ARQ Ack/Nak to tranamitting the next frame .wav file) in something less than
about200ms. Also to minimize thereceive channd latency, demodulation and decoding are doneusng
aDSP pipdinewhere thefirst data symbols are captured, demodulated and decoded before theframe
has been totally received. This also minimizes theeffect of soundcard/capture buffer latency dueto the
OS. Thehdf duplex naure of the ISS and IRS channds meansthe DSP processing for ISS and IRS do
not need to bedoneconaurrently onthe same computer. Asin al ARQ system thelRS and ISS
exchangerolls during theforwarding session base on interlocked GDverOand BreakOcontrol frames.
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Figure 2. Data flow and DSP Processing summary WINMOR (updated 9/18/2008)

In additionto theheavy computationd DSP development effortsthere is aso the necessary and
important task of accurately doaumenting the WINMOR protocol, timing and data encoding detailsin a
complete protocol specification. This QivingOspecification docaument serves a very important
organization and discipline fundion during development as well as providing the baselinefor the
required public doaumentation of the modeand protocol once the modeis deployed. Thegod isafina
doaument that allows someoneskilled in the DSP art to be able to duplicate the protocol andits
implementation usng the detailed public specification.

Performance Targets and Measurement Approach

Theultimate test of any digital modeis how well it works across good,poa andtypical channd
conditions Thebest way to measure thisis the end-to-end throughputof largefiles sent throughan HF
channd smulator usngthefind Client/Server software. Usinglargefiles eliminaes aberrationsin the
measurements that could be caused by messagelevel protocol andlink turn over issues. Itisaso
important to select a standadized measurement approach usng agreed CCIR channd modds across a
numbe of SIN ratios Figure 3isasimplified blodk diagram showing the setup used for throughput
measurements. These measurements were al performed usng the Oregon Hardware B Software Factory
HF channd simulator.™



Testing the Protocol with the
HF Channel simulator
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Figure 3. Protocol Testing Setup using HF Channel Simulator.

While the HF simulator generates pseudorandomchannd disturbances (frequency selective fading,
frequency shift, white noise etc) it yieldstest results which are quite repestable and representative when
averaged ove several minutes and multiple channel scenarios At thetime of thiswriting (before
integration of WINMOR into true clients and serversks ee next section) it was not possible to complete
theend-to-end tests throughthe channd simulator. However based on theinitial BER measurements
doneacross the same standadized channds during the evaluaion of candidate modulation schemes it
appears the new WINMOR should approach Pactor |1 in throughput Thisis notsurprising since both
modes are 500Hz BW modes employing multi PSK. Figure 4 shows the actud measured performance
of P1, P2 and P3 and the expected throughputof WINMOR 500Hz mode
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Figure 4. WINMOR (500Hz) Performance Target Compared to Pactor



Deploying for real Over-the-Air Testing:

Once therequired modules have been developead, optimized and tested on achannd simulator itstimeto
integrate them into practical client and server radio email applications The WL2K system with its multi
protocol radio client (Paclink MP) and Radio Message Server (RMS) software provides an existing
proven framework alongwith an active user base for testing WINMOR in atrue message system
environment. Since WINMOR implements true 8 bit trangparent binary and has link turnove paameters
genegaly similar to Pactor it can fairly easily beimplemented as an add-on driver to the existing Pactor
client and server modules. This allows seamlessly adoping WL 2K@ efficient B2 protocol which
provides significant compression gan for mog daatypes. For example adding the required soundcard
interface, DSP and protocol processing codeallows WINMOR to bereadily integrated into the existing
RMS Pactor Server. To dothisrequires developing the required WINMOR driver with program
interfaces smilar to the Pactor driver and then providing menustha allow the sysop to designae
WINMOR QhanndsQin addition to existing Pactor @hanndsO This also allows time-sharing some of
the mgjor and more expensgve components (radio, tuner, antenna and computer) with existing Pactor
channds.

Summary:

Developing a new soundcard modefor a messaging system fromthe groundup is a chdlenging task but
wha is required to approach the peformance of well established hardware modes such as Pactor. By
identifying the specific requirements, demandsand limitationsand then adapting proven modulation
modes and DSP techniques we can now begin to approach the performance of high-end hardware
modeams with ther dedicated high-performance DSPs. Thesuccessful development and deployment of
new modes such as WINMOR into afully capable radio email system should open up new applications
and significantly lower the cos of entry.
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